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Abstract

Introduction

Scanning electron microscopy observations of epicuticular waxes on flag leaves (blades and sheaths) and
ears were carried out on a pair of near-isogenic lines of
two-row barley (Hordeum vulgare L. ), derived from cv.
Troubadour, differing in their degree of glaucousness
(wax bloom). Plants were grown under irrigated and
rainfed mediterranean conditions. Wax bloom in flag
leaves consisted mainly of thin wax deposits over the
blade, and tubes over the sheath. Wax bloom in the
blade was denser and more uniformly arranged on the
adaxial than on the abaxial side. In the ears, tubular
waxes predominated, forming dense patches on awns
and lemmas, and becoming sparse on inner bracts such
as the palea. Wax bloom increased under rainfed conditions in both lines. There were marked differences between the lines in the extent of deposition of crystallized
epicuticular waxes in the leaf sheath and the ear, whereas differences in the leaf blade were less evident. Wax
bloom was almost absent on the sheaths and ear of the
non-glaucous line. These results suggest separate genetic control of epicuticular wax deposition on different
parts of barley plants. The role of wax bloom in two
related ecophysiological parameters, canopy reflectance
and cuticular conductance to water diffusion, was also
studied. Reflectance by the canopy in the 400 to 700
nm wavelengths was over 50 % higher in the glaucous
than in the non-glaucous line under rainfed conditions.
Under irrigated conditions, flag leaf blades of the nonglaucous line showed the highest epidermal conductance.
Ears showed no clear differences in epidermal conductance between lines or growth conditions.

Higher plants are covered with an amorphous wax
film, which may itself be covered with a wide variety of
other crystallized epicuticular waxes. The different
shapes of crystallized epicuticular waxes have been classified into six basic types: (1) granules (spherical, short,
cylindrical, warty); (2) rodlets and threads; (3) plates
(crystals) and scales; (4) layers and crusts; (5) aggregate
wax coating (small rods, granules, filaments); and (6)
liquid in viscous wax coatings (drops or soft, flat cakes)
(McWhorter et al., 1990). Glaucousness is the waxy
covering over the plant cuticle that imparts a dull-white
or bluish-green cast commonly referred to as bloom.
This characteristic has been cited as a plant adaptation to
drought conditions (see Blum, 1988). Glaucousness is
not always related to wax quantity, but is particularly
associated with wax deposits that cause light dispersion
(Johnson et al., 1983; Juniper and Jeffree, 1983; Blum,
1986).
An important function of epicuticular waxes is to
increase the efficiency of stomata! control by reducing
water loss after stomata closure. Indeed, plant survival
during severe water deficits depends on the ability to restrict water loss through the leaf epidermis after the stomata close. Thus, non stomatally-controlled water loss
through the leaf epidermis (loss through cuticle plus loss
due to incomplete stomata closure) may comprise up to
50 % of total transpiration in water-stressed wheat plants
during the day and 100% during the night (Rawson and
Clarke, 1988). Decreased diffusive conductance of
water vapour through the cuticle comes from decreased
cuticular permeability and thickening of the boundary
layer. Permeability of the cuticle to water is affected by
the amount, composition and physical configuration of
its epicuticular wax deposits (Blum, 1982). Another important role of epicuticular waxes is in the enhancement
of leaf reflectance in both the visible and near infrared
wavelengths (Blum, 1975a, 1975b), which in turn may
reduce transpiration (Richards et al., 1986).
The aim of this _study was to investigate, by scanning electron microscopy (SEM), the pattern of deposi-
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tion of epicuticular waxes in the flag leaf blade and
sheath, ear bracts, and awns of a pair of near-isogenic
lines of two-row barley, which differed in the degree of
wax bloom. The influence of pattern and extent of glaucousness on canopy reflectance and epidermal conductance under Mediterranean conditions was also evaluated.

and sheaths were excised and freeze-dried for 24 hours
at -40°C. The transfer of samples to the pre-cooled
freeze-drier was achieved in less than 20 seconds after
excision. The dried pieces were attached to aluminium
specimen stubs with colloidal silver and coated with gold
in an argon atmosphere (Polaron SEM coating unit E5000). The thickness of the gold film was approximately 60 nm. The tissues were examined with a Hitachi
SEM operated at an accelerating voltage of 15 kV and
photographed on 60 mm (Kodak T-MAX, 100 ASA)
film.

Materials and Methods
Plant material and growth conditions.
The study was performed on a pair of near-isogenic
lines of two-rowed spring barley (Hordeum vulgare L.)
derived from cv. Troubadour and differing in the extent
of glaucousness (Molina-Cano et al., 1989). Plants
were grown under rainfed and well irrigated conditions
at the Experimental Fields of the University of Barcelona. Planting took place on January 4, 1991. Two 1.5
m x 2 m plots, consisting of rows 25 cm apart, were
cultivated per genotype and growth condition. Plots
from the irrigation treatment were watered three times
a week. Rainfed plants only received water from rainfall (336.41 mm from sowing until maturity). Appearance of glaucousness coincided with stem elongation.
Measurements and sampling on the flag leaves and ears
were performed about two weeks after anthesis.

Canopy reflectance
The percentage of the incident photosynthetic active
radiation (PAR: 400-700 nm) reflected by the canopy
was measured at anthesis (May 15-16). Measurements
were taken on the central rows of each plot with a
1 meter quantum (PAR) sensor bar (Ll-191 SB, LI-COR,
Lincon, Nebraska) connected to a data logger (Ll-1000,
LICOR-188 B). Radiation reflected by the canopy was
calculated as:
PAR reflected(%)

= (Pr/ Pi) x 100

(1)

where: Pr = reflected PAR by the canopy; and Pi =
incident PAR over the canopy. The reflected PAR was
measured, at the same height (about 50 cm) above the
canopy as the incident PAR, by rotating the sensor 180
degrees. For each plot, measurements were taken at
least twice and averaged to a single value.

Scanning electron microscopy observations
Preliminary studies were performed to determine the
proper procedure for SEM observation of epicuticular
waxes. Three procedures were assayed. In the first,
samples were fixed in 2 % (v/v) glutaraldehyde in 0.20
M phosphate buffer, post-fixed in 20 g·l- 1 osmium tetroxide in 0.18 M phosphate buffer, dehydrated through
an ethanol series, and processed by critical point drying
and further gold coating as described previously (Araus
et al., 1991). Observations were subsequently carried
out (Figs. la and lb) using a conventional SEM (Hitachi
S-2300). In the second procedure, fresh samples were
quench frozen in nitrogen slush and observed (Figs. le
and Id) using a JEOL-JSM-840 SEM with a coupled
cryounit (CRU 40, JEOL Ltd.). In the third procedure,
fresh samples were freeze-dried, and subsequently gold
coated and examined using a Hitachi S-2300 SEM (Figs.
le and lf). With the first procedure, the pattern of
epicuticular waxes appeared disrupted; in most areas, it
had almost disappeared due to fixation and dehydration
(Figs. la and lb). Uncoated fresh samples, examined
by cryounit-SEM, conserved the epicuticular waxes very
well, although they showed less definition (Figs. le and
ld) than the freeze-dried samples due to non-coating and
certain charge effects (Figs. le and lf). However, since
the freeze-drying procedure caused shrinking, they were
observed only in small areas at low magnifications.
Pieces (3-5 mm) of ear florets and flag leaf blades

Epidermal conductance
Epidermal conductance of flag leaf blades and ears
from the different genotypes and growth conditions were
studied by measuring the water loss rate of excised
leaves, as reported earlier (Araus et al., 1991). One
leaf blade or ear was excised per replicate and six replicates were studied per isoline and growth condition. After organ excision, leaf blade area was quickly measured
and then leaves and ears were hydrated by placing the
cut end into a beaker of water and leaving the leaf and
beaker inside a plastic bag in the dark overnight at 4 °C.
Leaves and ears were weighed to determine the saturated
fresh weight. They were then placed horizontally on
petri dishes and wilted in a darkened growth cabinet set
at fixed temperature (25 to 26°C) and relative humidity
(40%). The leaves and ears were weighed with digital
balances (0.1 mg precision) about every 20 minutes for
120 minutes to establish the pattern of water loss over
time. For each replicate the epidermal transpiration was
estimated as the slope of the post 20-minute regression
data (Rawson and Clarke, 1988). The mean r2values
for the regression were at least 0. 97. After the wilting
experiment, leaves and ears were oven-dried (24 hours
at 80°C) and weighed again to determine the dry weight.
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al., 1980; Johnson et al., 1983), whereas in durum
wheat differences were less evident (Araus et al., 1991).
Guard cells of both sides of the leaf were covered by
wax aggregates (Figs. 2e-2h, and 4e and 4f). Deposition of crystallized epicuticular waxes was particularly
dense under rainfed conditions.
Wax deposition on surfaces of the flag leaf sheath
of the glaucous (normal) line showed mostly tubular epicuticular waxes (Figs. Sc and Se). Tubes were of varying sizes (3-5 ,-tm long and 0.2-0.5 ,-tm thick) and shapes
(ribbons, rodlets, and filaments) (Figs. 3c-3d, and Sc
and Se). At first there was no difference in the morphology of crystalline epicuticular waxes between the irrigated and rainfed treatments. The non-glaucous line,
however, showed a markedly lower presence of crystalline epicuticular waxes than the glaucous line and most
of the epicuticular waxes were amorphous (Figs. Sb, 5d,
and Sf). The presence of greater quantities of oily wax,
because of a high proportion of unsaturated, short chain
fatty acids, may be responsible for the formation of less
crystalline, more amorphous waxes (Possingham et al.,
1967), on the non-glaucous line.
Marked differences were also observed between
lines in the extent and pattern of deposition of epicuticular waxes in ears. Thus, in ear bracts (palea and lemma) and awns of the glaucous line, the structure of epicuticular waxes consisted of an aggregate coating of various combinations of minute crystalline wax deposits and
larger wax tubes (Figs. 6a, 6c, and 6e; 7a, 7c, and 7e,
and 8). The tubes, although generally scarce, varied in
density among ear parts. In contrast, on the non-glaucous line amorphous epicuticular waxes predominated.
For example, whereas in the lemma of the glaucous line
epicuticular waxes appeared as dendritic tubes (Fig. 6e),
in the non-glaucous line, epicuticular waxes were mostly
amorphous (Fig. 6f). In awns, on the other hand, epicuticular waxes formed a net of tubes on the surface of the
glaucous line (Figs. 7a and Sa), but few amorphous aggregates on the non-glaucous line (Fig. 7b).
Present results strongly suggest separate genetic
control of deposition of epicuticular waxes on different
plant parts of barley. For the glaucous line, there are
clear differences in the type of epicuticular wax between
sheaths and ears on the one hand, and blades on the
other. In fact, differences in shape of crystallization of
epicuticular waxes are related to differences in wax
chemistry. For blades and sheaths of cereals, it has
been shown that primary alcohols crystallize as plates,
and B-diketones as thin tubes (Baker, 1982). On the
other hand, although the non-glaucous line showed
amorphous epicuticular waxes on sheaths and ears, normal (i.e., similar to the glaucous line) waxy bloom was
present on the blades. Johnson et al. (1983) concluded
that the major genes controlling glaucousness are subject

Epidermal conductance was then calculated using standard diffusion equations (Coombs et al., 1985), from the
epidermal transpiration measured under defined evaporative conditions. Values of ears were expressed per unit
dry weight.

Results and Discussion
Structure and distribution of epicuticular waxes
There were no apparent differences in morphology
or extent of deposition of epicuticular waxes on flag leaf
blades of both glaucous and non-glaucous lines under either irrigation or rainfed conditions. The blades of both
lines showed a structure of epicuticular waxes with
dense aggregate coatings of various combinations of minute crystalline deposits and thin plates on the adaxial
surface (Fig. 2). Crystalline deposits were ubiquitous.
They were present all over the interveinal groove and in
lesser density over the bulliform cells (Figs. 2a-2d), and
plates were also located on the top of small crystalline
aggregates. Plates varied in size (0.5-1.0 ,-tm in height,
0.5-2.0 ,-tm in length) and shape (angular, or serrated)
and were oriented more or less perpendicular to the cuticular surface (Figs. 3a and 3b). Such wax plates are
quite common on the foliage of higher plants (Jeffree et
al., 1976; Hull and Bleckmann, 1977; Hull et al.,
1978). The presence of plates creates a larger contact
angle for water drops on leaves. In fact, Hull et al.
(1978) showed that the presence of large wax plates was
associated with seedling drought tolerance in Lehmann
lovegrass lines. This mechanism allows the leaf surface
to intercept, collect, and channel water from diffusive
sources such as fog. Droplets fall onto plant surfaces
and may rapidly dry on wax-free plant cuticles where
the contact angle is smaller and the water drop covers a
large surface area. Drops are, therefore, less likely to
roll across the leaf and stem, to the radicular area
(Juniper and Jeffree, 1983). On the other hand, the occurrence of a sparse covering of epicuticular waxes over
the bulliform cells may be related to the rolling ability
of cereal leaves when water stress develops. Similar
patterns of load have been reported for the epicuticular
waxes in durum wheat (Araus et al., 1991). Leaf-rolling reduces water loss.
Wax bloom increased under rainfed conditions in
both lines. In blades of both lines, crystalline epicuticular waxes were more sparse on the abaxial surface than
on the adaxial surface, particularly under well-irrigated
conditions (Fig. 4). Amorphous wax was present over
guard cells and in other epidermal cells of the abaxial
surface, whereas structure of crystalline wax was similar
on both sides of the leaf. Differences in morphology of
wax deposition between adaxial and abaxial surfaces of
flag leaves have been reported in bread wheat (Baum et
737
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Figure 1 (above). Scanning electron micro graphs of leaf blade surfaces and details of stomata. Samples were prepared
by different procedures: fixation, dehydration, critical point and finally gold-coating (a and b ); freeze-fixation and examination of uncoated frozen-hydrated specimens (c and d); and freeze-dried samples with further gold-coated (e and t).
Figures la, le, and le are at identical magnification; likewise, Figures lb, ld, and 1f are at identical magnification.

Figure 2 (on facing page 739). Scanning electron micrographs showing load pattern of epidermal epicuticular waxes
on the adaxial epidermis of the flag leaf blade from two near-isolines of barley. Glaucous line grown under irrigated
(a) and rainfed (b) conditions. Non-glaucous line grown under irrigated (c) conditions showed less plate-shaped epicuticular waxes than under rainfed (d) conditions. Detail of guard cells of the glaucous line grown under irrigated (e) and
rainfed (f) conditions. Guard cells of the non-glaucous line grown under irrigation (g) showed more amorphous wax
than under rainfed (h) conditions. Bars = 50 µm (a-d) and 10 µm (e-h).
738
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Figure 3. Structure of epicuticular waxes of flag leaves of the glaucous line from: adaxial epidermis of the leaf blade
grown under irrigated conditions (a); abaxial epidermis of the leaf blade grown under rainfed conditions (b); epidermis
of the leaf sheath grown under irrigated (c) and rainfed (d) conditions. Note the strong differences between blade and
sheath in the structure and shape of crystallized epicuticular waxes, which are mostly plate-shaped in blades and fibrillar
in sheaths. All four figures are at identical magnification, bar = 5 µ,m.

to considerable modification not only by the environment
but also by the genotype. For example, water stress
during ear growth can produce a preferential accumulation of epicuticular waxes on the ear as opposed to the
flag leaf of wheat (Garcia-Girou and Curvetto, 1994).
In barley, two or more enzyme sites of different fatty
acid chain length specificity could be involved in the
formation of a given wax class (von Wettstein-Knowles,
1972, 1974). In fact, the study of the effect of light and
temperature on the composition of epicuticular waxes of
barley leaves has revealed at least two sets of enzymes
of different sensitivity to abiotic factors (Giese, 1975).

the plant. As described above, lines differed in the
types of filamentous epicuticular waxes on the vertical
parts of the plants. Wax tubes lower the incident radiation by increasing reflectance more than plates (Juniper
and Jeffree, 1983; Blum, 1988). Johnson et al. (1983)
found in wheat that, for plant parts with vertical orientation in the canopy (i.e., sheaths, ears, and the base of
flag leaves at ear emergence), reflected radiation was
greatest at midday, when angles of incidence are low.
This may be of particular importance, since water stress
is typically greatest at this time of day (Blum, 1988). In
fact, Johnson et al. (1983) pointed out that reflectances
from the ear and flag leaf increased linearly with the
amount of epicuticular wax, especially with respect to
the ears.

Effect of epicuticular waxes on canopy reflectance
Under rainfed conditions PAR reflected by the canopy was about 50 % higher in the glaucous than in the
non-glaucous line (Fig. 9), probably due to the presence
of filamentous epicuticular waxes in the vertical parts of

Epidennal conductance
Mean value of epidermal conductance for the flag
740
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Figure 4. Epicuticular waxes on the abaxial epidermis of the flag leaf blade from glaucous line grown under irrigated
(a) and rainfed (b) conditions, and the non-glaucous line grown under irrigated (c) and rainfed (d) conditions. Detail
of the epidermis with stomata from the glaucous line grown under irrigated (e) and rainfed (t) conditions. Bars = 50
µm (a-d) and 10 µm (e-t).

leaf of rainfed-glaucous plants was 16.56 mmol m-2 s-1.
Values were about 4%, 13% and 32% higher in glaucous-irrigated, non-glaucous-rainfed, and non-glaucousirrigated plants, respectively (Fig. 10a), than in rainfed-

glaucous plants. Low epidermal conductance could be
useful in environments where conservation of water for
use during grain filling is important. Higher yield lines
of durum wheat showed higher flag leaf water retention
741
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Figure 5. Epidermal surface of the flag leaf sheath from glaucous (a) line shows higher presence of crystalline
epicuticular wax than the non-glaucous (b) one grown under rainfed conditions. Detail of the epidermis with stomata
from the glaucous (c) and non-glaucous (d) lines grown under irrigated conditions, and from the glaucous line (e) under
rainfed conditions. Detail of epidermis and lenticel from the non-glaucous line (t) under rainfed conditions. Bars =
50 µm (a-b) and 10 µm (c-f).
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Figure 6. Epidermal surface on ear bracts. Palea from the glaucous (a) and the non-glaucous (b) lines grown under
rainfed conditions; lemma from the glaucous (c) and the non-glaucous (d) lines grown under rainfed conditions. Detail
of distribution and shape of epicuticular waxes in bracts from the glaucous (e) and the non-glaucous (t) lines grown
under irrigated conditions. Note strong differences between lines in the presence and shape (crystalline or amorphous)
and distribution of epicuticular waxes, as well as the existence of lenticels (arrow) (b-d, f). Bars = 100 µm (a-d) and
10 µm (e,f).
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Figure 7. Epidermal surface on awns of glaucous (a) and non-glaucous (b) lines. Detail of the glaucous line (c) grown
under rainfed conditions and the non-glaucous line (d) grown under irrigated conditions. Epicuticular waxes formed
a network of tubes on the surface of guard cells of glaucous (e) line but amorphous aggregates over the non-glaucous
(f) one grown under irrigated conditions. Bars = 50 µm (a-b) and 10 µm (c-f).

with a weak but significant correlation between this parameter and yield (Clarke and McCaig, 1982). Similar
results have been reported for bread wheat (Jaradat and

Konzak, 1983) under drought conditions, although the
relationship under more favorable conditions is unclear
(Clarke and Romagosa, 1991).
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With regard to the ear, no differences were observed in epidermal conductance within each line between irrigation and rainfed conditions (Fig. 10b). Surprisingly, ears of the non-glaucous line tended to show
lower epidermal conductance than the glaucous line, in
spite of the fact that the glaucous line presented a much
greater extent of epicuticular waxes crystallized as tubes.
Tubular shape of epicuticular waxes is probably more effective in improving radiation reflectance than in preventing transpiration through the epidermis (Blum, 1975
a,b). Epidermal conductance of ears was more than 9
times that of leaves when values were expressed per unit
dry weight. Similar results have been reported in durum
wheat (Araus et al., 1991). The higher epidermal conductance of ears may have several causes. The presence
of awns probably increases the surface-to-volume ratio
of ears. Furthermore, as reported in bracts and awns of
other cereals (Febrero et al., 1991), we observed not
only stomata in the ears (Figs. 7e and 7f), but also lenticels (Figs. 6b and 6f), that is, non-controlled pores. On
the other hand, the presence and pattern of distribution
of lenticels as well as other miscellaneous factors such
as the amount of intracuticular waxes or silicon deposition could explain the lack of differences in epidermal
conductance between ears of glaucous and non-glaucous
lines.
The amount of epicuticular wax in ears may be
lower than in leaves (Araus et al., 1991). Finally, epicuticular waxes in the ears were tubular, whereas those
in the blades were plate-shaped. As noted before, the
main role of tubular waxes is to increase light reflectance more than to prevent epidermal transpiration.
Summarizing, wax bloom in flag leaf blades consisted mainly of thin plate-shaped deposits, whereas in ears
and flag leaf sheaths consisted of tubes. Results suggest
separate genetic control of epicuticular wax deposition
on different plant parts of barley. Flag leaf blades of
the non-glaucous line showed the highest epidermal conductance; values were higher under irrigation conditions.
In contrast, ears did not show clear differences in epidermal conductance between lines or growth conditions.
Reflectance by the canopy in the PAR region was significantly higher in the glaucous than in the non-glaucous
line under rainfed conditions.

Fontarnau.
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H.M. Rawson: I believe that reflectance of long wave
would change far less with glaucousness than would
reflectance of PAR, so the association between PAR
reflectance and temperature would be not totally
corrected?
Authors: We agree with the reviewer to the extent that
reflectance of PAR region (400-700 nm) changed far
more than that of the Jong wave region. In fact, during
the year following that of the experiments (1992), we
took canopy reflectance measurements with a Barringer
hand field radiometer in the region from 400 to 2200
run.
H.M. Rawson: Will the increased reflectance of glaucous lines more likely be associated with reduced transpiration and photosynthesis rate, through reduced
stomatal and mesophyll conductance associated with
reduced PAR through the cuticle?
Authors: This could be an explanation. However, if
non-glaucous lines show higher transpiration rates due to
an increased PAR through the cuticle (including the
guard cells), we do not understand why, even for wellwatered plants, tissues were cooler in glaucous than nonglaucous lines (see Richards et al. 1986, Aust. J. Plant
Physiol. 13, 465-73). An alternative, and in some way
complementary, explanation could be that non-glaucous
lines develop water stress earlier because a poor control
of transpiration by guard cells, which would lead to an
excess of transpiration. In addition, epicuticular waxes
over guard cells may have an important role controlling
periestomatal transpiration and thus hydropassive closure
of stomata.
H.M. Rawson: Apart from epidermal thickening a
glaucous plant may have other attributes associated with
low conductance?.
Authors: Other factors such as the intracuticular waxes
or the silicon deposition on the surface may also play a
role in controlling epicuticular conductance. In fact, for
a set of durum wheat genotypes under mediterranean
conditions, values of epidermal conductance in intact
flag leaf blades were comparable to those of blades
whose epidermal waxes were removed by dipping in
chloroform (Araus et al., 1991). In addition, the percentage of epidermal conductance variation explained by
different structural characteristics of leaves (including
the amount of epicuticular waxes) considered together
was about 50 % or less.
H.M. Rawson: In the same way, have the authors any
idea why epidermal conductances in ears increased with
glaucousness?
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T.C. Vogelman: Could the isogenic lines be used to
shed some light on the mechanisms of wax deposition?
Authors:
At least, they may be used as tools to
increase information about genetic control of wax
deposition.

Authors: Non-glaucous lines may be more drought limited than glaucous lines, even under irrigation. As a
response, in non-glaucous lines the degree of xeromorphic adaptations (e.g., development of sclerenchyma tissue in the dorsal part of ear bracts) may be stimulated.
In fact, the ear is by far the most xeromorphic part of a
cereal plant (Araus et al., 1993, Plant Cell Env. 16,
383-392).
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